The ion-association equilibrium of the dipicrylaminate ion (DPA -) was investigated in an aqueous solution with alkali metal ions and with its 18-crown-6 ether complexes as pairing cations by capillary zone electrophoresis (CZE). Although DPA -is precipitable with the pairing cations of K + and Cs + in a homogenous aqueous solution, a low concentration of DPA -below its solubility suppressed the formation of the precipitates, and DPA -was detected as a usual CZE signal. Changes in the electrophoretic mobility of DPA -was analyzed for its ion-association equilibrium. The ion association constants determined were almost comparable among alkali metal ions, while the ion association constants were meaningfully large with a hydrophobic 18-crown-6 ether complex of K + . The CZE separation was also proved to be useful for the equilibrium analysis under precipitating conditions. It was suggested that the precipitable property of DPA -with K + and Cs + could not be attributed to the ion-association process in an aqueous solution, but to the condensation process concerning the intermolecular CH···O bond in the precipitate crystals, as reported.
Introduction
The dipicrylaminate ion (DPA -, 1,2,4,6,2′,4′,6′-hexanitrodiphe nylaminate ion) is a traditionally well-known hydrophobic anion. It is also written as Hexyl ion (Hexyl -). The dipicrylaminate ion was firstly investigated by Ishibashi and Tôei as a specific precipitating reagent for K + . 1 The ion associate formed between K + and DPA -was also extracted into an organic phase, and K + was indirectly and photometrically determined. 2, 3 Hydrophobic DPA -has also been utilized for spectrophotometric determinations of cationic pyridostigmine, 4 trospium, 5 and phenothiazines 6 by ion-pair extraction. The dipicrylaminate ion has also been utilized for a membrane transport probe ion, 7, 8 K + mapping, 9 a membrane optode sensor for pH and K + , 10 and membrane capacitance by a patch-clamp method. 11 The hydrophobic character of DPA -has been investigated in the ion-pair extraction of DPA -with alkali metal-crown ether complexes. 12, 13 The extraction or precipitation characteristics of an alkali metal ion was improved as a crown ether complex, and K + was indirectly determined with DPA -by spectrophotometric flow injection analysis, 14 in which dicyclohexyl-18-crown-6 ether (DC18C6) was used as a complexing reagent for K + and the dissolved concentration of DPA -was decreased by the precipitation formed between K + @DC18C6 and DPA -. 14 Recently, the specific precipitation property of DPA -with K + and Cs + has been investigated by Eringathodi et al. 15 based on a crystallographic study of the precipitates. They concluded that the precipitates of K + -DPA -and Cs + -DPA -salts possess stable structures of the complex concerning the intermolecular CH···O bond in the precipitate crystals, and that the stable crystal-structure promotes the specific precipitations of K + and Cs + .
To investigate the specific precipitation characteristics of DPA -with K + and Cs + , we aimed at direct measurements of ion-association property of DPA -with alkali metal ions in an aqueous solution. In this study, the ion-association equilibrium of DPA -was examined in an aqueous solution through electrophoretic mobility measurements by capillary zone electrophoresis (CZE). 16 The electrophoretic mobility of an analyte, DPA -in this case, decreased due to its ion-association equilibrium with a pairing cation; the degree of the decrease was analyzed to determine the ion association constant of the ion-associate. The ion association constants determined for DPA -in this study were almost comparable among alkali metal ions. On the other hand, the ion-associability with K + was meaningfully developed as its 18-crown-6 ether complex. It is concluded that the specificity of the precipitation with K + or Cs + is not attributed to the ion-association process in an aqueous solution.
Experimental

Reagents and chemicals
Sodium dipicrylaminate (NaDPA) was purchased from Tokyo Chemical Industry (Tokyo, Japan ) solution was from Kanto Chemical (Tokyo, Japan). All other chemicals were of analytical grade and used without further purifications. Water used was purified with a Milli-Q Gradient A10 (Merck Millipore Japan, Tokyo, Japan) throughout.
Apparatus
An Agilent Technologies 3D CE (Agilent Technologies, Waldbronn, Germany) was used as a CZE system equipped with a photodiode array detector. The fused-silica capillary used was from GL Sciences (Tokyo, Japan) with its outer and inner diameters being 375 and 50 μm, respectively. The capillary was cut to a length of 64.5 cm, and a detection window was made by burning the polyimide coating at the 8.5 cm point from one end of the capillary; the effective separation length of the capillary was thus 56 cm. The capillary was held in a thermostat cassette and attached to the CZE system. The temperature of the cassette was controlled at 25.0 ± 0.2 C by circulating temperature-controlled air. The inner wall of the capillary was refreshed every day by sequential flushing with 0.1 mol dm -3 NaOH for 2 min and with purified water for 2 min before use. The capillary was also flushed with a separation buffer for 2 min before each measurement. Electropherograms were recorded and analyzed by ChemStation software (Agilent Technologies, Ver. B04.02). A TOA DKK (Tokyo, Japan) pH meter (HM-25G) with a combined glass electrode was used for pH measurements of the separation buffers; it was calibrated daily with standard pH solutions.
Procedure for the CZE measurement
In the ion-association study of dipicrylaminate ion with alkali metal ions, the separation buffer of the CZE should contain a single component of a cation, C + . A pH buffer of 10 mmol dm -3 H3BO3 -5 mmol dm -3 COH was prepared to control the pH of the separation buffer at around 9. The concentrations of the hydroxide salts were determined by acid-base titration. A chloride salt of the corresponding cation, CCl, was added to the separation buffer at concentrations of between 0 and 30 mmol dm -3 . Thus, a series of separation buffers contained different concentrations of a unique C + . A separation buffer prepared as mentioned above was poured into cathodic and anodic reservoir vials, which were then set in the CZE system.
The capillary was filled with the buffer by applying pressure to the inlet vial. The sample solution contained 2 × 10 -5 mol dm -3 NaDPA and 2% (v/v) ethanol. An aliquot of a 750 μL sample solution was poured into a sample vial, which was then set in a vial tray. An anodic end of the capillary was put into the sample vial, and a small portion of the sample solution was introduced into the capillary by applying pressure of 250 mbar·s. The anodic end of the capillary was dipped in a purified water vial before and after dipping the end in the sample solution so as to prevent any contamination from the separation buffers. After introducing the sample solution into the capillary, the anodic end of the capillary was dipped in the separation buffer again, and a voltage of 20 kV was applied to the capillary for zone electrophoresis. An analyte of DPA -was photometrically detected at 220 nm. The electroosmotic flow was monitored with ethanol added to the sample solution. The effective electrophoretic mobility of DPA -was calculated in the ordinary manner using the experimental conditions and the migration times of DPA -and EOF. 16 Two or more measurements were made to obtain the mean effective mobility.
Results and Discussion
Ion-association equilibrium of DPA -with alkali metal ions Prior to the ion-association study of DPA -, the electrophoretic mobility of DPA -was measured under different pH conditions of 4.7 (10 mmol dm -3 acetate buffer), 7.0 (10 mmol dm -3 phosphate buffer), and 9.2 (10 mmol dm -3 borax). The electrophoretic mobility of DPA -was in the range between 2.16 -2.25 × 10 -4 cm 2 V -1 s -1 ; DPA -is a monoanion in the wide pH range examined in an aqueous solution. The pH condition of the separation buffer was thus set at around 9 with the borate buffer being composed of H3BO3-COH. It was considered in the choice of the separation buffer that a fast EOF with a weakly alkaline solution is favorable for the detection of an anionic analyte of DPA -, and that the concentration of the cation in the pH buffer is easily controlled with COH at its low concentration of around 5 mmol dm -3 . Typical electropherograms obtained with K + as a pairing ion are shown in Fig. 1 . Although DPA -is precipitable with K + , DPA -in the sample solution was detected as ordinary CZE signals of a sharp and symmetrical one over the K + concentrations examined. The sharp signals were also observed with other alkali metal ions examined. The solubility products for K + -DPAand Cs + -DPA -are reported to be 10 -5.86 and 10 -6.86 , respectively. 14 The products of the concentrations of C + (0.035 mol dm -3 at the maximum) and DPA -(2 × 10 -5 mol dm -3 in the sample solution) in this study were less than the solubility products, and DPA -was detected as its dissolved species in an aqueous solution. In CZE measurements, the electrophoretic mobility can be measured at low concentrations of DPA -, which is suitable for the equilibrium analysis of less-soluble ion-associates.
Changes in the effective electrophoretic mobility of DPA -are shown in Fig. 2 with increasing concentrations of a pairing ion, C + . The effective electrophoretic mobility decreased with increasing concentrations of C + with different degrees of the magnitude. The ion-association equilibrium of DPA -and its equilibrium constant are written as in reaction (1) and Eq. (2), respectively:
where C + DPA -is an ion-associate and Kass is an ion association constant. The effective electrophoretic mobility of DPA -, μep′DPA, is contributed from two DPA -species of DPA -and C + DPA -with a weighted average, as follows:
In Eq. (3), μep,DPA and μep,C-DPA are the electrophoretic mobility of DPA -and C + DPA -, respectively. Equation (3) is written as in Eq. (4) 
The ion-associate of C + DPA -is electrically neutral, and the value of μep,C-DPA is essentially zero. Thus, the second member of the right-hand side in Eq. (4) is considered to be zero, and only the first member was used for determining of the Kass value. A series of experimental data including pairs of the concentration of C + and the value of μep′DPA were put into Eq. (4); then, the values of μep,DPA and Kass were optimized by a nonlinear least-squares analysis. 16 A GNU-style copyleft program, R (The R Foundation for Statistical Computing, Version 2.15.2), 17, 18 was used for the analysis. The Kass values determined with the alkali metal ions are summarized in Table 1 . The curves in Fig. 2 . In addition to the coordination of nitro groups to the metal ion, the hydrogen bonds between phenyl C-H and nitro O, intermolecular CH···O bonds, are seen in both precipitate crystals of K + and Cs + salts, which promote the specific precipitations of K + and Cs + with DPA -. The results from their crystallographic study and our ion-association study in an aqueous solution are thus consistent.
Ion-association equilibrium with quaternary ammonium ions
Quaternary ammonium ions are known to be hydrophobic with alkyl chains contained in it. The hydrophobicity of some quaternary ammonium ions has been established quantitatively in an aqueous solution. 16 In this study, the ion-associability of DPA -was examined with two quaternary ammonium ions: tetramethylammonium ion (TMA + ) and tetrabutylammonium ion (TBA + ). Electropherograms obtained with TMA + are shown in Fig. 3 . The dipicrylaminate ion was still detected as usual CZE signals in the concentration range of TMA + examined. The ion association constant of DPA -with TMA + was also determined based on the change in its effective electrophoretic mobility. The results are also listed in Table 1 . The Kass value, 4.09, was not so much different from those with alkali metal ions.
On the other hand, the CZE signal of DPA -was not detected with TBA + as a pairing cation, even at its concentration of 4.8 mmol dm -3 in the separation buffer. When a series of CZE measurements were made with TBA + as a pairing ion, and the inlet capillary was dipped in the vials in the usual sequence of an anodic separation buffer, a sample solution of DPA -, and again the anodic separation buffer, the yellow color of the sample solution became pale. This suggested that the sample vial was contaminated by the components of the separation buffer, and that DPA -in the sample solution precipitated with TBA + as a pairing cation, a contaminant from the separation buffer. The precipitation of DPA -in the sample solution was suppressed by applying the injection sequence of the anodic separation buffer, purified water, a sample solution, purified water, and the anodic separation buffer. However, the CZE signal of DPA -was still not detected with TBA + . The DPAwould have precipitated with TBA + in the separation buffer during zone electrophoresis.
Ion-association equilibrium with alkali metal -18-crown-6 ether complexes
Crown ethers are a class of macrocyclic compounds that include alkali and alkaline earth metal ions in it. Size selectivity of the crown ethers towards alkali metal ions is well established, 19 and hydrophobic complexes are generated by the inclusion. The complex formation equilibrium of alkali metal ions (C + ) with 18-crown-6 ether (18C6) and its equilibrium constants are written as in Eqs. (5) and (6), respectively:
where C + @18C6 is an inclusion complex and KCL is a complex formation constant.
The equilibrium was investigated thoroughly, 19 and the KCL values reported 19 were used in the following analysis of the ion-association equilibrium: 10 2.06 for K + and 10 1.56 for Rb + . In an investigation of ion-association equilibrium of DPA -with the 18-crown-6 ether complex, the concentration of 18C6 was set at 50 mmol dm -3 in the separation buffer, and the concentration of alkali metal ion was changed, ranging between 5 and 35 mmol dm -3 . The concentrations of the 18C6 complex were calculated based on the KCL values.
Lithium ion is known to be less reactive with 18C6, 19 and the ion-association equilibrium of Li + -DPA -was firstly investigated in the presence of 18C6 in the separation buffer. The electrophoretic mobility of DPA -, as well as the ion association constant obtained for Li + -DPA -, was almost identical to those in the absence of 18C6 in the separation buffer. The apparent Kass value obtained in the presence of 50 mmol dm -3 18C6 was 2.92 ± 0.45; this value is almost comparable to that obtained in the absence of 18C6, 2.42 ± 0.22 (Table 1) .
Thus, the equilibrium of Li + -DPA -was not affected by 18C6. Electropherograms of DPA -with K + in the presence of 18C6 in the separation buffers are shown in Fig. 4 . The signal height of DPA -became smaller with increasing concentrations of K + , and the shape of the signal also became flatter. Changes in the signal height and the signal shape of DPA -would be attributed to the reduced solubility of the ion-associate with the K + @18C6 complex in an aqueous solution; a certain amount of DPA precipitated as an ion-associate with the K + @18C6 complex during the CZE. However, an analysis of the ion-association equilibrium of DPA -with K + @18C6 is possible as long as the signal of dissolved DPA -is detected. The peak top of the signal indicated by the arrows in Fig. 4 is associated with the residual DPA -species dissolved in the separation buffer, and the leading/tailing of the signal is attributed to the precipitate. When the precipitate of the ion-associate may gradually be generated at the analyte DPA -zone during the CZE, the precipitate is electrophoretically separated from the dissolved DPA -. Once the precipitate is separated from the dissolved DPA -zone, the precipitate of the ion-associate is dissolved again up to its solubility. Consequently, the broadened and flattered signal is observed as tailing/leading from the peak top under the precipitating conditions. In spite of the broadened and flattered signal, the ion-association equilibrium can be analyzed by utilizing the separation characteristics of CZE, even under the precipitating conditions. We only detect the position of the signal top corresponding to the residual dissolved species of interest. In addition to the CZE measurement below the solubility of the analyte, CZE separation is advantageous when handling under the precipitating conditions. This type of equilibrium analysis cannot be achieved when using the conventional analysis methods for handling homogeneous solutions.
An objective ion-association equilibrium between the C + @18C6 complex and DPA -is written as in Eq. (7) with its equilibrium constant as in Eq. (8):
Since the complex formation of alkali metal ions is not quantitative with 18C6 in an aqueous solution, two kinds of cationic species, M + and M + @18C6, may associate with DPA -in an aqueous solution, and the effective electrophoretic mobility of DPA -would be contributed from its three species (DPA -, C + DPA -, and C + @18C6-DPA -), as follows: 
Both Kass1 and Kass2 in Eq. (10) are the ion association constants with DPA -, in which Kass1 corresponded to Eq. (2), and Kass2 to Eq. (8) . At this stage, Kass2 is the objective, and the CZE analysis was carried out as follows.
When the total concentrations of C + and 18C6, CC and C18C6, are set, the concentrations of [C + ] and [C + @18C6] are inevitably calculated from the concentrations and a complex formation constant, KCL. In this study, the total concentration of 18C6 was set at 50 mmol dm -3 , and the concentration of cation was varied in the concentration range from 5 to 35 mmol dm 
In the analysis on Eq. (10) by an R program, the Kass1 determined above was handled as a known value, and μep,DPA and Kass2 were optimized by the analysis. The changes in the electrophoretic mobility in the presence of 18C6 are shown in Fig. 5 with fitting results with μep,DPA and Kass2. The Kass2 values thus determined are also summarized in Table 1 . The Kass values determined with K + and Rb + as its 18C6 complexes are meaningfully larger than those with the alkali metal ions, itself. The ion-association constants for the 18-crown-6 ether complexes are attributed to the hydrophobicity of the complexes.
Conclusions
The ion-association equilibrium of the dipicrylaminate ion was investigated in an aqueous solution by capillary zone electrophoresis. The equilibrium was investigated below the solubility with less precipitations by utilizing the sensitive detection available in CZE and the CZE separation. The ion association constants were not very much different among alkali metal ions, and the specific precipitation characteristic of DPA -with K + or Cs + would not be attributed to the ion-association process in an aqueous solution. 
